Annealing at higher temperature ͑700°C͒ of structures with two-dimensional and three-dimensional arrays in InAs-GaAs quantum dots ͑QDs͒ results in an increase in the size and in a corresponding decrease in the indium composition of the QDs. The change in the In composition is monitored by the contrast pattern in the plan-view transmission electron microscopy ͑TEM͒ images viewed under the strong beam imaging conditions. Increase in the size of the QDs is manifested by the plan-view TEM images taken under ͓001͔ zone axis illumination as well as by the cross-section TEM images. We show that the dots maintain their geometrical shape upon annealing. Luminescence spectra demonstrate a shift of the QD luminescence peak toward higher energies with an increase in the annealing time ͑10-60 min͒ in agreement with the decrease in indium composition revealed in TEM studies. The corresponding decrease in the QD localization energy results in an effective evaporation of carriers from QDs at room temperature, and the intensity of the QD luminescence decreases, and the intensity of the wetting layer and the GaAs matrix luminescence increase with the increase in the annealing time. © 1996 American Institute of Physics.
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There is a growing interest in the spontaneous formation of ordered nanostructures on crystal surfaces. [1] [2] [3] [4] [5] [6] Particular interest attracts ordering effects in Stranski-Krastanow ͑SK͒ growth which proceeds on a lattice-mismatched substrate via formation of essentially three-dimensional islands. [3] [4] [5] [6] It was shown that coherent strained InAs islands ͑or quantum dots͒ formed by SK growth on GaAs ͑100͒ substrates maintain their pyramid-like shape after deposition of GaAs. 7 If InAs islands are completely, 3 or partially 8 covered with a GaAs layer, the InAs islands formed during the next deposition cycle tend to form vertically correlated structures. Recently, very low threshold current density lasers based on arrays of vertically coupled quantum dots have been realized. 9 Dense arrays of InAs-GaAs quantum dots ͑QDs͒ are fabricated at sufficiently low substrate temperatures ͑ϳ500°C or lower͒. 8 This growth temperature is too small to grow a high quality GaAs cap layer. The one way to reduce the concentration of point defects generated by lowtemperature growth is to apply a postgrowth annealing. Moreover, high temperature AlGaAs growth ͑680-720°C͒ is essential for light emitting devices based on the GaAsAlGaAs material system to provide good device performance and operation lifetime. On the other hand, high temperature annealing can potentially introduce severe changes in the QD shape, size, and composition due to possible interdiffusion processes. [10] [11] [12] [13] [14] These effects should be either strongly avoided or, on the opposite, can be used intentionally to modify the properties of the QD structures.
Interdiffusion processes are extensively studied for the GaAs-AlGaAs quantum well structures. 10 X-ray diffraction studies of thermal treatment of InGaAs-GaAs strained-layer superlattices yielded diffusion coefficient values in the range between 8.0ϫ10
Ϫ18 and 8.0ϫ10 Ϫ20 cm 2 s Ϫ1 depending on temperature ͑900-850°C͒.
11 These values are close to observed for the AlGaAs-GaAs case. 10 Much larger diffusion coefficients (10 Ϫ15 -10 Ϫ16 cm 2 s Ϫ1 for the 850-950°C range, respectively͒ were found in the photoluminescence ͑PL͒ studies of InGaAs-GaAs quantum wells ͑QWs͒ subjected to pulsed lamp annealing. 12 This effect was attributed to the increased diffusion coefficient during the initial stage of annealing because of contribution from defects and/or compositional inhomogeneities of the interfaces. As the annealing period and temperature increase, the defects are annealed and consequently the diffusion coefficient can significantly decrease. 13 In this letter we report transmission electron microscopy ͑TEM͒ and PL studies of InGaAs QDs subjected to thermal annealing. We demonstrate that the annealing results in an increase in the size of the quantum dot and in a decrease of the average indium composition. The QD PL peak shifts to higher photon energies, the QD PL intensity decreases, and the wetting layer PL intensity increases with increase in the annealing time.
The samples studied in this work were grown by elemental source molecular beam epitaxy ͑MBE͒ by using a Riber-32 MBE machine. [6] [7] [8] [9] Growth rates were 0.8 m/h for GaAs and 0.1 m/h for InAs. Arsenic pressure was 2 -3ϫ10 Ϫ6 Torr. After oxide desorption and depositing of a ϳ0.6-m-thick buffer layer at 600°C, the substrate temperature was lowered to a 480°C and desired amounts of InAs and GaAs were deposited to form QD region. Afterwards 100 Å of GaAs were grown, then the substrate temperature was increased to 600°C and a 150-Å-thick GaAs layer was grown.
Then, for the first structure ͑sample A͒, this layer was followed by a short period GaAs-Al 0.3 Ga 0.7 As superlattice and 200 Å of Al 0.3 Ga 0.7 As; a 50 Å GaAs layer was grown on the top for surface protection. This structure was cleaved in pieces which were then reintroduced into the MBE growth chamber where the annealing was performed at 700°C under equivalent arsenic beam pressure of 2Ϫ3ϫ10
Ϫ6 Torr for periods of 10, 30, and 60 min. For the second structure ͑sample B͒, the substrate temperature was increased to 700°C and a 1.5-m-thick Al 0.4 Ga 0.6 As layer was grown to simulate the in situ annealing during the growth of AlGaAs cladding layer in device structures.
TEM studies were performed using JEOL JEM1000 ͑1MV͒ and JEM4000EX microscopes. Both plan-view and cross-section specimens were prepared using conventional procedures: a wet chemical etching or 4 keV argon ion milling after mechanical thinning and polishing. PL was excited by a 514.5 nm line of an Ar ϩ ion laser and detected by a cooled Ge detector.
In Figs. 1 and 2 we show TEM images of InAs vertically coupled QDs formed by three-cycle InAs-GaAs deposition. Average thickness of the InAs deposited in each cycle equals 5.0 Å. Each GaAs deposition cycle corresponds to an average thickness of 45 Å. Figure 1 demonstrates ͑022͒ bright field plan-view TEM images: of the as grown structure ͑a͒, and of structures subjected to 10 min ͑b͒ and 30 min ͑c͒ annealing. One can see in the images dense arrays of nanoscale quantum dots. No dislocations or large relaxed clusters were found over macroscopic distances. The characteristic contrast arising from the dots seen in Fig. 1͑a͒ for the as grown sample is similar to that induced by coherently strained precipitates, 15 i.e., the contrast is dark on one side of the island and bright on the other side and the light and dark contrast lobes meet along a line of no contrast that is perpendicular to the diffraction vector. Annealed samples demonstrate under similar imaging conditions a remarkable change in the contrast: a butterfly like contrast after 10 min of annealing ͓Fig. 1͑b͔͒ and a black-black lobe contrast seen in Fig. 1͑c͒ for longer annealing times ͑TEM contrast from QDs for 30 and 60 min annealing is similar͒. Since no significant changes in average distance measured along the line of no contrast were observed this transformation of the TEM contrast can be attributed to the reduced strain in the islandmatrix system, which can result from the decrease of the indium composition in the dot.
TEM images taken under symmetrical zone axis illumination have been initially proposed to visualize small 3D strained particles. This technique was recently successfully applied to evaluations of both size and shape of ͑In,Ga͒As islands. 16, 17 Figure 2 shows plan-view TEM images of sample A subjected to 10 min ͑a͒ and 30 min ͑b͒ annealing times. One can see clearly that the annealing results in an increase of the lateral dot size from about 140 to about 250 Å, while the shape of the dot remains essentially the same. This conclusion is further confirmed by the cross-section TEM image of the annealed ͑30 min͒ QDs ͓Fig. 2͑c͔͒ which also demonstrates an increase of the QD size while the shape is not heavily affected. This corresponds to a volume increase of 4-5 times during the 30-min-long annealing and to a similar decrease in the average indium composition in the dot. Figure 3 shows a TEM image of the single-cycle InAs QDs formed by a 12 Å InAs deposition and subjected to 60-min-long annealing during the growth of the thick AlGaAs layer ͑sample B͒. The dots demonstrate a size of ϳ200 Å. As opposite, the dots formed in the similar growth conditions but without subsequent high-temperature growth demonstrate smaller dimensions ͑ϳ140 Å͒. 18 However, for the QD structures annealed during subsequent growth the increase in the size is less pronounced, than for conventionally annealed samples, resulting in a weaker volume expansion ͑by 3 times during the 60-min-long annealing͒. This can be due to the fact that the surface is better separated from the region with the QDs in the case of growth of the thick AlGaAs layer. This prevents the diffusion of point defects that can result in a significant increase in the diffusion coefficient. 19 The In diffusion coefficient estimated for sample A is about 3 -4 ϫ10 Ϫ16 cm 2 s Ϫ1 and the estimated diffusion coefficient in the case of sample B is about 2 -3ϫ10 17 cm 2 s
Ϫ1
. It is worthy to note that the diffusion profile remains sharp in both cases. This effect can be explained by the concentration- dependent diffusion mechanism that is known to result in sharp compositional gradients. 10 In Figure 4 we show the PL spectra at 300 K of sample A as grown and subjected to different annealing times. Luminescence lines due to QDs, wetting layers, and the GaAs matrix are clearly observed. One can see from Fig. 4 that the annealing results in a strong high energy shift of the QD luminescence, while the wetting layer peak energy is weakly affected. High energy shift of the luminescence line can be explained by reduced confinement potential after annealing. The average indium composition of the QD estimated from the volume expansion observed in the TEM studies can be estimated as 15%-20% after the 30 min annealing. Decrease in the carrier localization energy stimulates their evaporation from quantum dots at high temperatures. QD luminescence intensity decreases and the wetting layer and the GaAs matrix PL increase with the increase in annealing time.
To conclude we have shown that high temperature annealing results in an increase of the QD size, while the shape is only weakly affected. Annealing tunes the energy levels in quantum dots and affects the QD luminescence intensity. Reasonably low diffusion coefficients are found indicating the possibility to use the InAs-GaAs quantum dots in lightemitting devices based on the GaAs-AlGaAs system. This work is supported by the Volkswagen Stiftung, INTAS-94-1028 and RFFI 96-02-17931 grants, and by DFG in the framework of Sfb. 296. N.N.L. acknowledges support from the Alexander von Humboldt Foundation. 
